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Talk overview 
Introduction:  

-  Extensive Air Shower Arrays 

HAWC detector: 

-  Design, construction, performance 

First Results:  

-  Galactic Plane survey (new sources) 

-  Geminga detection 

-  Flaring blazars observations 

-  IceCube Event 

-  CR Anisotropy 
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Gamma-Ray Observatories 

AGILE 
EGRET 

Fermi-LAT 

H.E.S.S. 
MAGIC 

VERITAS 
CTA 

Milagro 
Tibet ASγ	


ARGO-YBJ 
HAWC 

Wide FOV continuous operation TeV sensitivity 

Ground-based Space-based 

IACT	  EAS	  Satellites	  
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EAS Detectors 

Tibet AS-γ 
1990-present 

ARGO 
2007-2013 

Milagro 
2000-2008 

 
 
  HAWC 
 2013 - present 

l  Main features: 
-  Large active area >104 m2. 
-  High duty cycle >90%. 
-  Large FOV (~2sr). 

WHAT CAN WE DO WITH EAS ?  
-  Highest energy gamma-rays (>10 TeV)  
-  Continuous observation: Transient phenomena and 

flaring sources (e.g. GRBs, AGNs).  
Long duration light curves and multi-wavelength 
follow-up. 

-  Large gamma-ray structures: extended sources, 
Galactic Plane emission, Fermi bubbles, surveys 

-  Cosmic ray physics. 
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HAWC Collaboration 
USA:   
Pennsylvania State University 
University of Maryland 
Los Alamos National Laboratory 
University of Wisconsin 
University of Utah 
Univ. of California, Irvine 
University of New Hampshire 
University of New Mexico 
Michigan Technological University 
NASA/Goddard Space Flight Center 
Georgia Institute of Technology 
Colorado State University 
Michigan State University 
University of Rochester 
University of California Santa Cruz  

Mexico: 
Instituto Nacional de Astrofísica, Óptica y Electrónica (INAOE)  
Universidad Nacional Autónoma de México (UNAM) 
     Instituto de Física 
     Instituto de Astronomía 
     Instituto de Geofísica 
     Instituto de Ciencias Nucleares  
Universidad Politécnica de Pachuca 
Benemérita Universidad Autónoma de Puebla 
Universidad Autónoma de Chiapas 
Universidad Autónoma del Estado de Hidalgo 
Universidad de Guadalajara 
Universidad Michoacana de San Nicolás de Hidalgo 
Centro de Investigación y de Estudios Avanzados 
Instituto Politécnico Nacional 
Centro de Investigación en Computación - IPN 

Poland: 
Instytut Fizyki Jądrowej im. Henryka 
Niewodniczańskiego - Polskiej Akademii Nauk 
 
Germany: 
Max-Planck-Institut für Kernphysik 
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HAWC Milestones 
l  Feb, 2011: Beginning of the construction. 

l  Summer 2011: VAMOS engineering array (7 
tanks). 

l  October 2012: 30 tanks, first results. 

l  August 2013: beginning of science operations. 

l  March, 2015: Detector inauguration. 

l  April, 2016: First year catalog. 



• 	  4100	  meter	  site	  in	  Mexico	  
• 	  22,000	  m2	  detector	  area.	  
• 	  300	  4.5m	  high,	  7.3m	  diameter	  Water	  Cherenkov	  Detectors	  
• 	  100	  GeV	  -‐	  100	  TeV	  SensiHvity	  
• 	  Average	  Angular	  ResoluHon	  (68%	  Cont.)	  0.5o.	  
• Strengths:	  

-‐ 	  Wide	  field-‐of-‐view	  
-‐ 	  Extreme	  high-‐energy	  reach	  

• 	  Main	  Background:	  Hadronic	  cosmic	  rays	  
• 	  Crab	  Nebula:	  400	  photons/day	  
• 	  Background:	  15000	  cosmic	  rays/second	  

         High Altitude Water Cherenkov Detector 

7 
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Gamma/Hadron Separation 
•  Main background is hadronic CR, e.g. 400 γ/day from the Crab vs 15k CR/s. 
•  In gamma-ray showers, most of the signal at ground level is located near the shower axis. 
•  In charged cosmic rays tend to "break apart”, much messier signals at ground level. 

HAWC Data – Likely Gamma Ray  HAWC Data – Hadron Shower 
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Gamma/Hadron Separation 

•  We compute the distribution PINCness for a region around the Crab.  
•  Scale the "background" region to the same solid angle as the bin around the Crab.  
•  Only events with >75% of PMTs hit were used 

J Goodman — Particle Astrophysics – Univ. of Maryland Spring 2016 50

hadronic event gamma ray-like eventgamma/hadron parameter

Gamma - Hadron Separation
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HAWC Sensitivity 
l  Instantaneous sensitivity 15-20x less than IACTs. 

l  Exposure (sr/yr) is 2000-4000x higher than IACTs. Survey > half sky to 40 
mCrab [5σ] (1yr) and < 20mCrab [5σ] (5yr) 

Astropart	  Phys	  50-‐52,	  December	  2013,	  26-‐32	  
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HAWC FOV 



Crab Nebula: Performance Benchmark  

Seeing the Right Number of Gamma Rays…"

13 

HAWC-250 Crab Data 

Salesa Greus, ICRC 2015  
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The Crab Nebula 
l  Crab Nebula detected with high significance ~85σ in 

1 yr. 

l  Gamma-like event of ~ 60TeV within 0.25 deg from 
the Crab position. 

l  It was used to test our angular resolution and g/h 
cuts. 

l  The AR (68% containment) is 0.25 deg for events 
with more that hit more than 50% PMTs hit. 
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HAWC SkyMap 340 Days 
HAWC 0.1—100 TeV 
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Galactic Plane

Milagro is located near Los Alamos, New Mexico
• different sensitivity by declination along Galactic plane.
HAWC is ~15x more sensitivity with lower energy threshold,  
and more sensitive towards Galactic center. 

Preliminary

Milagro (2000-2008)

HAWC Pass 1 (2013-2014)

HAWC Pass 4 (2014-2015)

 
 HAWC is about 15 more sensitive with lower energy threshold and  
 more sensitive towards Galactic centre (HAWC is located more south with 
 respect to Milagro) . 
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HAWC SkyMap 340 Days 

Mrk 501 - 21σ 

Galactic Plane 

Mrk 421 - 31σ 

Geminga* - 10σ 

Galactic Plane Crab Nebula - 84σ 
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HAWC View of the Galactic Plane 

~40 sources seen in first year 
25% are new! 

New: Pulsar ~8kpc (26,000 ly) away   SNR with very energetic pulsar 

New: Association unclear 

PRELIMINARY	  

Paper in preparation! 
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New TeV Sources!

New TeV source 
2HWC J1928+178 
• ~8σ pre-trials
• coincident with PSR J1928+1746
• tail towards unidentified source 3FGL J1925.4+1727
• VERITAS point source upper limit ~1.4% of Crab

New TeV emission region 
2HWC J1927+187* 
• ~7σ pre-trials
• current blind search algorithm identify this 

region associated with 2HWC J1930+188,  
ongoing analysis on spatial morphology

2HWC J1930+188
• coincident with VER J1930+188  

(SNR G54.1+00.3 / PSR J1930+1852)
• TeV emission was reported to be point-like and 

likely from PWN
• nearby molecular CO cloud

No. 1, 2010 DISCOVERY OF VHE γ -RAY EMISSION FROM THE SNR G54.1+0.3 L71

Table 1
Analysis Results at the High Ė Pulsar Locations in the FOV of the PWN G54.1+0.3

PSR Name Offset On Off αa Excess LiMa Flux >1 TeV
(◦) Events Events Events Significance (10−13 cm−2 s−1)

J1930+1852 0.5 231 720 0.18 101 7.0σ 5.3 ± 1.3
J1928+1746 0.7–1.7 108 509 0.19 13 1.2 σ <2.6

Notes. The analysis used for the results presented in this table corresponds to an image integrated charge ∼225 photoelectrons and
θ2 < 0.015 deg2.
a Normalization factor for the different acceptance of the background and source regions in the ring background model.

source position (θ2), reject more than 99.9% of the hadronic
cosmic-ray background while keeping 45% of the gamma rays.
Different sets of these cuts, optimized for different source
properties, are applied to the G54.1+0.3 data. Two a priori test
positions are defined as the locations of the high spin-down
power pulsars: J1930+1852 (19h30m30.s13, +18◦52′14.′′1) and
J1928+1746 (19h28m42.s48, +17◦46′27′′). In the search for a
VHE γ -ray signal from a point source with a Crab-like spectrum,
the following cuts were employed: −1.2 < MSCW/L < 0.5 and
θ2 < 0.015 deg2, resulting in an analysis threshold of 250 GeV.
Since the emission region may be extended, as is the case of
most of the galactic PWN detected at VHE γ -rays (Aharonian
et al. 2005a), a larger cut in the arrival direction θ2 < 0.055 deg2

is also considered. In addition, a rather tight cut on the integrated
charge of ∼225 photoelectrons is applied, to maximize the
signal-to-noise ratio for a weak source with a hard spectrum.
The latter cut results in an analysis threshold of 500 GeV and in
superior angular resolution. For the spectral analysis, this cut is
80 photoelectrons providing maximal coverage in energy.

For the background estimation, we employ two different
methods, as described in Berge et al. (2007). The background
estimate for each position in the two-dimensional sky map is
taken from a ring of mean radius 0.◦5 and an area six times that of
the on-source region. For the spectral analysis, the background
is taken from seven positions in the field of view with the
same offset from the pointing direction as the source regions.
This eliminates the need for corrections concerning the radial
dependence of the background acceptance. The on-source and
background region counts, together with a normalization factor
for the different acceptance of these regions, are used to derive
the statistical significance of any excess following the likelihood
method of Li & Ma (1983).

4. RESULTS

Figure 1 shows a sky map of the excess counts for the
entire data set in the region around G54.1+0.3/PSR J1930+1852
system, derived using the point-source analysis described above.
A source of VHE gamma rays is clearly visible and is coincident
with the position of the X-ray and radio PWN. An excess of
101 events is observed, corresponding to a pre-trials statistical
significance of 7.0σ at the location of PSR J1930+1852, as
shown in Table 1. This significance is the highest obtained
at the pulsar position for the four different search criteria
attempted, and this is taken into account in assessing the true
chance probability of the observed signal of 6.8σ . As discussed
above, the earlier data set showed evidence for a VHE γ -ray
signal at 4.3σ . This evidence is confirmed by the presence of
a 5.5σ detection at the same position in 2009 data set alone.
This increase is as expected for a steady source with increased
exposure time and a slightly reduced sensitivity of the array with
only three telescopes.
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Figure 1. Smoothed excess map from G54.1+0.3, as measured by VERITAS.
Only events with image sizes above 225 photoelectrons are used. The color scale
indicates the number of excess gamma-ray events. The high Ė pulsars present
in this field of view, J1930+1852 and J1928+1746, are marked with white plus
signs. The contour of the 99% confidence-level error box of the unidentified
EGRET source 3EG J1928+1746 is overlaid in black. The gamma-ray sources
in the first Fermi catalog are marked with black crosses.

The unsmoothed map of excess events, binned in 0.◦05×0.◦05,
is fit by a two-dimensional Gaussian in order to study the
morphology of the observed emission. The gamma-ray excess
is well fit by the point-spread function of the instrument at the
corresponding analysis threshold of 500 GeV (∼0.◦11), which
results in a detection compatible with a pointlike source for
VERITAS. The best fit of the Gaussian centroid is 19h30m32s ±
25s, +18◦52′12′′ ± 20′′ (J2000) and hence we assign the name
VER J1930+188. Given the systematic uncertainty of 0.◦02 in
this measurement, the centroid is consistent with the pulsar
position (at a distance of 0.◦007) and the 0.◦03 extent of the PWN
G54.1+0.3 around the pulsar.

The total γ -ray excess above 250 GeV, i.e., that within a
circle of 0.◦15 around the pulsar position, is 214 ± 43 events.
Figure 2 shows the reconstructed gamma-ray spectrum from
these events. The data are consistent with a power law in energy
that extends from 250 GeV up to 4 TeV with a photon index
of Γ = 2.39 ± 0.23stat ± 0.30sys and a differential flux at
1 TeV of (7.5 ± 1.2stat ± 1.5sys) × 10−13 TeV−1 cm−2 s−1. The
corresponding flux above 1 TeV is 2.5% of the Crab Nebula
flux.

No other significant TeV source is found in the maps,
including at the second a priori test position, the location
of PSR J1928+1746, for any of the searches performed. The

Acciari et al. ApJL (2010)
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Cygnus Region

Milagro 4, 5, 6 σ

New TeV source 
2HWCJ2006+340: 
• >6σ pre-trials
• 0.6° from unidentified 

source 3FGL J2004.4+3338

2HWC J2019+368 is coincident with MGRO J2019+37 and VER J2019+368
• extended emission including PSR J2021+3651 and HII region Sh 2-104

The Astrophysical Journal, 788:78 (10pp), 2014 June 10 Aliu et al.
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Figure 3. Differential energy spectrum of VER J2016+371/CTB 87 and VER
J2019+368 as measured by VERITAS. The event excess in each bin have a
statistical significance of at least 2σ .
(A color version of this figure is available in the online journal.)

reduced χ2 values, mainly due to limited statistics. Either a
larger data set or more sensitive reconstruction techniques, or
both, are necessary to determine the morphology better.

The energy spectrum for VER J2019+368 is estimated from
a circular region of 0.◦5 radius centered on the best fit position.
The resulting spectrum, shown in Figure 3, extends from 1 to
30 TeV and is well fit by a PL model (χ2/dof = 5.79/6)
with a hard photon index of Γ = 1.75 ± 0.08stat ± 0.2sys
and a differential flux at 5 TeV of (8.1 ± 0.7stat ± 1.6sys) ×
10−14 TeV−1 cm−2 s−1. Assuming these parameters from the
fit, the 1–10 TeV integrated energy flux is estimated to be
(6.7 ± 0.5stat ± 1.2sys)×10−12 erg cm−2 s−1. We also attempted
to fit alternative, spectral models (such as a curved PL and cut-off
PL model) but they did not provide better fits. The study of the
energy dependent morphology of the emission in two separate
energy bands, below 1 TeV, and above 1 TeV, supports the lack
of any statistically significant spectral points below 1 TeV. The
excess maps for each energy band show evidence for different
centroid positions, see Figure 4. Above 1 TeV, a strong emission
(at the level of 9σ ) with a best fit location statistically compatible
with that of VER J2019+368 is observed. Below 1 TeV, there
are indications (at the level of 3σ ) of emission offset by about
0.5 degrees in the direction of the unidentified gamma-ray source
2FGL J2018.0+3626.

4. MULTIWAVELENGTH PROPERTIES,
INTERPRETATION, AND DISCUSSION

Both VHE-emitting regions coincide with non-thermal emis-
sion detected in radio, X-rays, and HE gamma-rays. In the
following sections, we examine in detail the locations, mor-
phologies, and spectral properties of these low energy counter-
parts in order to be able to establish the connection with the
VHE emission and its origin.

4.1. VER J2016+371, the SNR CTB 87, and their Surroundings

In Figure 5 we present a false color image of the radio and
X-ray emission in the region around VER J2016+371 obtained
with the Giant Metrewave Radio Telescope (GMRT; Paredes
et al. 2009) at 610 MHz and Chandra between 2 and 10 keV,
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Figure 4. VHE gamma-ray excess maps of the MGRO J2019+37 region as
observed with VERITAS in two different energy bands. The high energy band
is above 1 TeV (red) while the low energy band is between 600 GeV and 1 TeV
(green). The number of excess events in the maps has been obtained using a
search radius of 0.◦23, which corresponds to the extended source search analysis
described in the text. The change between the red and black in the color scale
takes place at the 4σ level, while between green and black is at the 2σ level.
(A color version of this figure is available in the online journal.)

respectively. The VHE contours of VER J2016+371 are co-
located with the bright and extended low-energy emission from
the SNR CTB 87. At radio wavelengths, the strong polarization,
flat spectral index, center-filled morphology, and lack of a
continuum shell have been used to classify CTB 87 as a PWN
(Weiler & Shaver 1978; Wallace et al. 1997). The high angular
resolution of the GMRT image (∼30′′) shows a faint circular
structure in the southwestern portion of the nebula. Further
studies at multiple wavelengths will be needed to determine
if this structure is related to CTB 87 or perhaps a different
source. The smoothed archival X-ray image reveals a centrally-
peaked morphology which is offset toward the southeast of
the radio peak and has a slightly smaller extent than the
radio emission. The X-ray emission was recently studied in
more detail by Matheson et al. (2013). The superb angular
resolution of Chandra also allowed these authors to localize
the pulsar candidate, CXOU J201609.2+371110, located within
the compact PWN (to the southeast of the remnant center).

HE gamma-ray emission is also detected in the vicinity of
VER J2016+371 with the Large Area Telescope on board the
Fermi spacecraft (Fermi-LAT; Abdo et al. 2009b). The 95%
error ellipse of the unidentified HE gamma-ray source 2FGL
J2015.6+3709 does not exclude a common origin between the
two sources. However, based on the variability index of the
Fermi-LAT source and its correlation with radio, Kara et al.
(2012) associate the HE gamma-ray emission with the nearby
blazar B2013+370, with unknown redshift, rather than with the
CTB 87. On the other hand, no VHE gamma-ray emission from
this extragalactic object is seen in the current data. Its location
lies 6.′7 away from the centroid of VER J2016+371, this being
much larger than the ∼1.′5 uncertainty of the VHE measurement.

4.1.1. A PWN scenario

The morphology of the extended X-ray PWN (Matheson
et al. 2013) suggests that it is affected by ram pressure due

5

VER J2019+368 (Aliu et al ApJ 2014)

0.6-1TeV
>1TeV
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Cygnus Region

Milagro 4, 5, 6 σ

MGRO J2031+41 is resolved into two distinct TeV sources:
• 2HWC J2031+415 — TeV J2032+4130, a PWN
• 2HWC J2020+403 — VER J2019+407, UID encompassing SNR G78.2+2.1 and PSR J2021+4026
• extended emission region 2HWC J2025+410* and 2HWC J2027+403* at Fermi cocoon / 

ARGO superbubble region

The Astrophysical Journal, 770:93 (7pp), 2013 June 20 Aliu et al.
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Figure 1. Background-subtracted gamma-ray counts map of SNR G78.2+2.1
showing the VERITAS detection of VER J2019+407 and its fitted extent (black
dashed circle). The supernova remnant is delineated by CGPS 1420 MHz
continuum radio contours at brightness temperatures of 23.6 K, 33.0 K, 39.6 K,
50 K, and 100 K (white; Taylor et al. 2003); the star shows the location of the
central gamma-ray pulsar PSR J2021+4026. The inverted triangle and dot-
dashed circle (yellow) show the fitted centroid and extent of the emission
detected by Fermi above 10 GeV. The open and filled triangles (black)
show the positions of Fermi catalog sources 1FGL J2020.0+4049 and 2FGL
J2019.1+4040 which have been subsumed into the extended GeV emission
from the entire remnant. The 0.16, 0.24, and 0.32 photons bin−1 contours of
the Fermi detection of the Cygnus cocoon are shown in cyan. The white circle
(bottom right corner) indicates the 68% containment size of the VERITAS
gamma-ray PSF for this analysis.

applied, requiring that events have three images passing the
following criteria: more than four pixels per image, an image
centroid no more than 1.◦43 from the camera center, and a total
integrated charge per image of at least 70 photoelectrons.

Calibrated images are described in terms of a second-moment
parameterization (Hillas 1985). Cosmic-ray background is re-
jected using selection criteria applied to two composite param-
eters based on these moments: mean-scaled length (MSL) and
mean-scaled width (MSW; Aharonian et al. 1997). We impose
the requirements 0.05 < MSL < 1.25 and 0.05 < MSW < 1.10;
in addition, we require the angle between the reconstructed
gamma-ray arrival direction and the source position to be less
than 0.◦23. The chosen background-rejection criteria are opti-
mized for moderate-strength (∼5% of the Crab nebula flux)
extended sources. Together with the image quality require-
ments they impose an energy threshold for this measurement
of 320 GeV.

To minimize the number of independent search elements, our
search is restricted to a pre-defined circular region with radius
0.◦25 centered on the target position. In the imaging analysis
and source morphology studies the ring background model
(Aharonian et al. 2005) is used to estimate the residual cosmic
ray background; the reflected-region model (Aharonian et al.
2001) is used when extracting the spectrum. We also excluded
from the background estimation circular regions with radius 0.◦3
around four bright stars in the FOV (γ Cygni, P Cygni, 40 Cygni,
and HIP100069) as well as two overlapping circular 0.◦4 radius
regions used to approximate the profile of the excess seen in the
VERITAS survey data (Weinstein et al. 2009, 2011). All results
reported here have been verified by an independent calibration
and analysis chain.
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Figure 2. Spectrum of VER J2019+407, derived from four-telescope data
only. Points are the VERITAS spectrum, while the arrow indicates the upper
limit on emission at 11 TeV. The solid line shows a power-law fit with a
spectral index of Γ = 2.37 ± 0.14stat ± 0.20sys and a flux normalization of
N0 = 1.5 ± 0.2stat ± 0.4sys × 10−12 photon TeV−1 cm−2 s−1.

4. RESULTS

Figure 1 displays the background-subtracted, acceptance-
corrected TeV image of the region of SNR G78.2+2.1. A clear
signal with 319 ± 39 net counts is detected at the location of the
northern rim of the remnant. This signal is significant at the 7.5σ
level after accounting for all test points in the pre-defined 0.◦25
search region. Figure 1 also shows the locations of the gamma-
ray pulsar PSR J2021+4026 (1FGL J2021.5+4026), ∼0.◦5 from
VER J2019+407 at the center of the SNR, and the centroid of
the emission from the remnant seen by Fermi above 10 GeV.

The morphology of VER J2019+407 is derived from a binned
extended maximum-likelihood fit to the counts map before
background subtraction. The cosmic ray component is modeled
as an exposure-modulated flat background and the source by
a symmetric two-dimensional Gaussian convolved with the
VERITAS PSF (68% containment radius of 0.◦09, derived from
an identically processed observation of the Crab Nebula). We
find a fitted extension of 0.◦23 ± 0.◦03stat

+0.◦04
−0.◦02sys

. The fitted

centroid coordinates are R.A. 20h20m04.s8, decl. +40◦45′36′′

(J2000); however, we maintain the identifier VER J2019+407
for the source, which was originally assigned on the basis of
a preliminary centroid estimation. The statistical uncertainty in
this location is 0.◦03, with a combined systematic uncertainty in
the position, due to the telescope pointing error and systematic
errors of the fit itself, of 0.◦018.

Figure 2 shows the spectrum derived from the reconstructed
gamma-ray events within 0.◦24 from the center of the search
region; runs where only three of four telescopes were operational
have been excluded from this sample. The threshold for the
spectral analysis is 320 GeV and the energy resolution is 15% at

3

Aliu et al. ApJ (2013)
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Figure 3. Spectral energy distribution of the Cygnus Cocoon by different
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Milagro for MGRO J2031+41 (Abdo et al. 2007a, 2007b, 2009). The lower data
point at 12 TeV is the Milagro flux after the subtraction of the TeV J2032+4130
contribution (Ackermann et al. 2011). The dot–dashed line shows the best fit to
the Fermi-LAT and ARGO-YBJ data using a simple power-law function. The
thick solid line is predicted by a hadronic model with a proton cutoff energy at
150 TeV. The dotted line is predicted by a model with cutoff energy at 40 TeV.
(A color version of this figure is available in the online journal.)

times higher than those determined by IACTs (Bartoli et al.
2012c, 2013b). Therefore we cannot exclude the possibility
that the fluxes of TeV J2032+4130 and VER J2019+407 are
underestimated by IACTs. In this case, the flux of the Cygnus
Cocoon determined here would be overestimated by about
20−30%. However, the angular sizes of TeV J2032+4130 and
VER J2019+407 are smaller than those of MGRO J1908+06 and
HESS J1841−055, hence the expected discrepancy should be
smaller. In particular, for MGRO J2019+37/VER J2019+368,
if we use the Milagro result instead of the VERITAS one, the
cocoon flux and extension change by less than 10%.

Figure 3 shows all the spectral measurements by Fermi-
LAT, ARGO-YBJ, and Milagro. The Milagro data refer to the
source MGRO J2031+41 (Abdo et al. 2007a, 2007b, 2009),
which should contain the contributions from the overlapping
and nearby sources. In (Ackermann et al. 2011), the flux of
MGRO J2031+41 is corrected by subtracting the extrapolation
of TeV J2032+4130 at 12 TeV. This “corrected” value is also
shown in Figure 3. We should also remind that the Milagro flux
at 12 and 20 TeV was determined in a region of 3◦ ×3◦, which is
too small compared to the Cygnus Cocoon extension and could
contain less than 40% of the gamma-ray emission. For these
reasons, the flux of MGRO J2031+41 is reported in Figure 3 but
is not used in the following discussion.

The flux determined by ARGO-YBJ appears consistent with
the extrapolation of the Fermi-LAT spectrum. Given the con-
sistency of spectra and angular sizes, the major emission of
ARGO J2031+4157 can be identified as the counterpart of the
Cygnus Cocoon at TeV energies. It is worth noting that given
the ARGO-YBJ angular resolution, a detailed comparison with
the morphology found by Fermi-LAT is meaningless.

The combined spectrum of Fermi-LAT and ARGO-YBJ is
fitted (χ2/dof = 2.7/9) by the power-law function dN/dE =
(3.5±0.3)×10−9(E/0.1 TeV)−2.16±0.04 photons cm−2 s−1 TeV−1,
as shown by the dot-dashed line in Figure 3. The upper limits
of Fermi-LAT and ARGO-YBJ indicate weak evidence for the

presence of a slope change or cutoff below ∼1 GeV and above
∼10 TeV, respectively.

4. DISCUSSION

The angular size of about 2◦ places the Cygnus Cocoon
among the most extended VHE gamma-ray sources. At a
distance of 1.4 kpc, the observed angular extension corresponds
to more than 50 pc, making the Cygnus Cocoon the largest
identified Galactic TeV source. Such a large region can be
related to different scenarios. PWNs and SNRs contribute to
most of the extended Galactic TeV sources identified up to now.
Toward the Cygnus Cocoon, two pulsars (PSR J2021+4026
and PSR J2032+4127) and one SNR (SNR G78.2+2.1) have
been detected. As remarked on by Ackermann et al. (2011),
the PWNs powered by these two pulsars are unlikely to
explain the cocoon emission and SNR G78.2+2.1 could be
too young to be the unique accelerator in the cocoon able
to diffuse over the whole region. However, PSR J2032+4127
and the Cygnus Cocoon are well-coincident apparently, and we
cannot rule out the possibility that the cocoon emission is from
the yet undiscovered remnant of a supernova that originated
the pulsar. The favored scenario of Ackermann et al. (2011)
is the injection of cosmic rays via acceleration from the
collective action of multiple shocks from supernovae and winds
of massive stars, which form the Cygnus superbubble. Such
superbubbles have been long advocated as cosmic ray factories
(Bykov & Toptygin 2001; Parizot et al. 2004; Ferrand &
Marcowith 2010). Possibly, the Cygnus Cocoon is the first
evidence supporting such a hypothesis.

For such a large extended region, no significant morphology
and spectrum variation have been found by Ackermann et al.
(2011) in the range from 1 to 100 GeV. The energy spectrum
from 1 GeV to 10 TeV shows a simple power-law shape, which
is very similar to those of SNRs, such as Cassiopeia A, Tycho,
W51C, IC 443, and so on (Yuan et al. 2012). This indicates
that the Cygnus Cocoon may be an unknown SNR, or that the
particle acceleration inside a superbubble is similar to that in an
SNR. No matter which accelerator is responsible for the Cygnus
Cocoon emission, the whole spectral shape of the gamma-ray
emission from 1 GeV to 10 TeV allows us to determine a possible
spectral slope of the underlying particle distribution for the first
time. Different scenarios have been proposed to explain the
emission mechanism of gamma-rays, which can be produced
via inverse Compton (IC) scattering of background photon fields
by high-energy electrons or, in hadronic models, by π0 decay
from inelastic proton–proton or proton–photon interactions. The
electron bremsstrahlung can be ignored if the electron-to-proton
ratio is about 1% as measured around Earth. The close relation
between the emission morphology and the interstellar structure
revealed by Ackermann et al. (2011) favors a cosmic ray origin.
The Fermi-LAT measurement below 3 GeV is also a hint of
the π0 decay feature Ackermann et al. (2013). Moreover, the
gamma-ray spectrum predicted by IC process is always curved,
and it is difficult for the pure leptonic model to produce such a
simple power-law shape from 1 GeV to 10 TeV.

In this work, we adopt a purely hadronic emission model
(Drury et al. 1994) to produce the gamma-ray emission from the
cocoon. In our model, the observed gamma-rays are attributed to
the decay of π0 mesons produced in inelastic collisions between
accelerated protons and target gas. The predicted spectrum is
shown as the thick solid line in Figure 3. It is assumed that the
primary proton spectrum follows a power law with index α and
with an exponential cutoff energy Ec, i.e., Eαe−E/Ec . The value
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Figure 1. Significance map around ARGO J2031+4157 as observed by
the ARGO-YBJ experiment. The large circles indicate the positions of
ARGO J2031+4157, MGRO J2031+41, and the Cygnus Cocoon, and the corre-
sponding 68% containment regions (Ackermann et al. 2011; Abdo et al. 2012a).
The position and extension of TeV 2032+4130 and VER J2019+407 are marked
with crosses (Aharonian et al. 2005; Aliu et al. 2014b, 2013). The small circles
indicate the positions of PSR 2021+4026 and PSR 2032+4127.
(A color version of this figure is available in the online journal.)

by ARGO-YBJ, although still within one s.d. error. Recently,
MGRO J2019+37 was resolved into two VERITAS sources,
namely VER J2016+371 and VER J2019+368. So the spectra
determined by VERITAS (Aliu et al. 2014b), which have better
precision and are consistent with both Milagro and ARGO-YBJ
measurements, are used here. We track the four sources path
inside the ARGO-YBJ FOV and simulate the detector response
in the gamma-ray energy range from 10 GeV to 100 TeV. The
detailed simulation of the ARGO-YBJ detector response to
gamma-rays is realized by means of a code based on the GEANT
package (Guo et al. 2010). The four sources contributions are
removed before estimating the extension and spectrum of the
Cygnus Cocoon.

In our previous analysis (Bartoli et al. 2012a), the angular
extension of ARGO J2031+4157 was estimated by fitting the
angular distribution of the events centered on MGRO J2031+41
within a radius of 2.◦2. The excess events outside this region were
considered as due to the Galactic diffuse gamma-ray emission.
Now, after the Fermi-LAT result indicating the presence of a
large extended source, a larger region is used to evaluate the
extension of ARGO J2031+4157. To achieve a better angular
resolution, only events with Npad ! 60 are used. Assuming a
symmetrical two-dimensional Gaussian function for the source
shape, we fit the ARGO-YBJ excess in a square region of
10◦ × 10◦ around ARGO J2031+4157. The result of the fit
gives a source position with R.A. = (307.8 ± 0.8)◦ and decl. =
(42.5 ± 0.6)◦, and an extension σext= (1.8 ± 0.5)◦, consistent
with the angular size of the cocoon as measured by Fermi-LAT
(2.0 ± 0.2)◦, within the statistical uncertainties (see Figure 1).
The dependence of this result on the source spectral energy
distribution is found to be negligible.

To study the spectral behavior of ARGO J2031+4157, the
extension σext = 2◦ and the position of Cygnus Cocoon
determined by Fermi-LAT at 1–100 GeV (Ackermann et al.
2011) are used. The fitting method described in Bartoli et al.
(2011a) is adopted. In this procedure, the path of the Cygnus
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Figure 2. Energy density spectrum of the Cygnus Cocoon as measured by the
ARGO-YBJ experiment. The solid line shows the power-law fit to the data
points. The arrow indicates the 95% c.l. upper limit. Only statistical errors are
shown.

Cocoon inside the ARGO-YBJ FOV is tracked during the
ARGO-YBJ life time. The expected emission is generated by
sampling gamma-rays in the energy range 10 GeV–100 TeV
assuming a power-law function. The variable used to determine
the event energy is the number of hit pads Npad. The energy
spectrum is estimated by comparing the detected signal and
the expected signal in six Npad intervals: 20–39, 40–59, 60–99,
100–199, 200–499, and !500. Before fitting, the contribution
of the four nearby sources is removed. According to our
simulations, this contribution is dominated by the two sources,
TeV J2032+4130 and VER J2019+407, and is equal to 13.2%,
11.1%, 12.1%, 10.4%, and 16.2%, respectively, in the first five
Npad intervals (in the sixth interval, there is no excess).

The best fit to the spectrum (χ2/dof = 2.4/4) is

dN
dE

= (2.5 ± 0.4)

× 10−11(E/1 TeV)−2.6 ± 0.3 photons cm−2 s−1 TeV−1.

(1)

The integral flux above 1 TeV is (1.52 ± 0.37) ×
10−11 photons cm−2 s−1, corresponding to 0.8 ± 0.2 Crab units.
The median energies of the six Npad intervals are 0.40, 0.64,
0.92, 1.4, 2.7, and 6.5 TeV, respectively. The found spectrum
and the corresponding 1σ errors are shown in Figure 2. The
highest energy point is a 95% confidence level (c.l.) flux upper
limit. The flux is higher than in our previous report (Bartoli et al.
2012a), since a larger source region is considered here. This also
gives us a hint that the extension of the source is really larger
than our previous estimation. The given errors on the flux are
statistical. The systematic errors are estimated to be less than
30% (Bartoli et al. 2011a).

Note that to subtract the contributions of TeV J2032+4130 and
VER J2019+407, the gamma-ray fluxes determined by IACTs
are used. Some unclear systematic discrepancy between EAS
arrays and IACTs has been found when determining the flux of
extended sources. It is worth noting that these two techniques
have achieved a good agreement for the point source Crab
Nebula (Abdo et al. 2012b; Bartoli et al. 2013a). The fluxes
of MGRO J1908+06 and HESS J1841−055 measured by the
EAS arrays Milagro and ARGO-YBJ are about two to three

3

Bartoli et al. ApJ (2014)
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Cygnus Region

Milagro 4, 5, 6 σ

MGRO J2031+41 is resolved into two distinct TeV sources:
• 2HWC J2031+415 — TeV J2032+4130, a PWN
• 2HWC J2020+403 — VER J2019+407, UID encompassing SNR G78.2+2.1 and PSR J2021+4026
• extended emission region 2HWC J2025+410* and 2HWC J2027+403* at Fermi cocoon / 

ARGO superbubble region

encloses 3.2 × 104 (neff/10 cm−3)−1 solar masses
of ionized gas at 1.4 kpc (fig. S1D). However, the
mass is an order of magnitude too low and the
“Local” CR spectrum (i.e., that near the Sun) is
too soft to explain the LAT data (Fig. 4). The
cocoon partially overlaps a concentration of

ionized gas (fig. S1D). We fitted the N(HII) map
to the data in addition to the other interstellar
components. The template is significantly de-
tected, but at the expense of an unusually large
emissivity, much harder than in the other gas
phases (15). Its spectrum compares well with that

extracted with the 2° Gaussian source (fig. S7).
Thus, overlooked gas in any state, illuminated by
the same CR spectrum as found in the rest of the
region, cannot explain the observed hardness
of the cocoon emission. It requires a harder CR
spectrum.

Fig. 2. Photon count maps in the 10- to 100-GeV band (30), smoothed with a s = 0.25° Gaussian kernel, obtained for the total emission (A), after subtraction of
the interstellar background and all known sources but g Cygni (B), and after further removal of the extended emission from g Cygni (C).

Fig. 3. (A) Photon count
residual map in the 10- to
100-GeVband(30), smoothed
with a s = 0.25° Gaussian
kernel, and overlaid with
the 10−5.6 Wm−2 sr−1 white
contour of the 8-mm inten-
sity. The typical LAT angular
resolution above 10 GeV is
indicated. The black circles
mark g Cygni and Cyg OB2.
(B) An 8-mm map and solid
circles for g Cygni and stellar
clusters, as in Fig. 1. The
large magenta circle marks
the location and extent of
the source MGRO J2031+41
(14); dashed circles give
upper limits to the diffusion
lengths of 10, 102, and 103

GeV particles after 5000
years of travel time using
the standard interstellar
diffusion coefficient. Their
origin from the position of
the rim of g Cygni 5000 years
ago is purely illustrative.
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HAWC-111 Galactic Plane Analysis  

1HWC J1825-133 
•  Coincident with Pulsar Wind 

Nebula HESS J1825-137 
•  HESS Collaboration: 

•  Claims spectrum hardens 
from E-2.6 to E-2 from 1o to 
the center of the pulsar. 

•  Interprets as electrons 
cooling and streaming 
from the central pulsar. 

23 
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Geminga 

l  Extended TeV emission discovered by 
Milagro. 

l  Contributor to positron excess? 

Positron	  FracHon	  

Gamma-‐Ray	  Flux	  

Yuksel, Kistler & Stanev. PRL. (2009) 
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Geminga Region 
HAWC- Point Search  

1 Deg Search Size of the Moon 

HAWC- Point Search  

Size of the Moon 

l  Confirmation (~10σ pre-trial) of Geminga (PSR J0633+1746) by HAWC. 

l  Evidence (~6σ pre-trial) of a new extended source near PSR B0656+14.  

l  Both pulsars are similar in age and distance. Paper in preparation! 
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Transients 
•  Around 60 known TeV Active Galactic Nuclei (AGN), yet most of the extragalactic 

sky has not been surveyed. 
•  HAWC’s 5σ sensitivity is (10, 1, 0.1) Crab in (3 min, 5 hrs, 1/3 yr). 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

A&A	  524,	  A48	  (2010)	  
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Mrk 421 
l  Data from 2013/06/13 to 2014/07/09 in early HAWC data. 

l  HAWC coincident with the onset of a X-ray flare (ATEL 5320). 

1 week bins  
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Mrk 412 & Mrk 501 
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First HAWC alert! 

Astronomer’s Telegram to  
alert community of activity. 

April 5, 2016 

April 8, 2016 

April 7, 2016 

April 6, 2016 

•  HAWC has just started to provide 
prompt notification of flaring activity. 

•  Monitoring all gamma-ray sources 
visible to HAWC every day. 
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Fermi Observation of GRB 090510 with 

37

• Assume spectrum extends to 125 GeV 
and attenuation with EBL model of 
Gilmore 

• HAWC: 200 events from GRB 090510 if 
near zenith 
~few background events 

• Major Improvements! 
– Low-threshold DAQ 
– 10-inch PMTs  

� HAWC would observe 100s of events for 
spectrum to only 31 GeV
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Perspectives for GRB detection 
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HAWC Follow-up on 2.6 PeV 
IceCube Neutrino 

IceCube Event 
•  Highest energy pointed astrophysical track-like event 
•  June 11, 2014, 4:54 UTC. (RA,Dec) = (110.3, 11.5) 
•  HAWC-111 live (pass1). Several hours out of HAWC’s FOV. 
•  Searches: 

•  Integrated dataset (Steady, Aug 2013-May 2015) 
•  Next Day / Prior Day 
•  ±2 and ±5 days around the event. 
•  All searches consistent with cosmic-ray background.   IceCube Error Circle 

HAWC-250 Integrated Data 

IceCube ATel: #7856 
HAWC Follow-up ATel: #7868 

The steady neutrino flux, assuming it is evenly  
divided among Ns sources (IceCube, PRL 2014),  
should be detectable in HAWC in a year if photons  
are not attenuated. 
We can set constraining limits on every IceCube  
event in the HAWC FOV. 
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Fermi Bubbles 

l  Large-scale, non-uniform structures 
extending above and below the 
Galactic center. 

l  Both leptonic and hadronic model fit 
Fermi data. 

l  HAWC provides the firsts limits at TeV 
energies. 

l  Hard spectrum is unlikely (analysis in 
progress). 
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Cosmic Ray Anisotropy 

ApJ 796, 2 (2014) 

l  Small-scale (<60º). Large 
scale removed. 

l  10º smoothing applied. 

l  8.6 x 1010 events over 181 
days. 

l  Three significant excess: 

-  Region A: strongest. Harder spectrum 
than the background at 10TeV, 
consistent with Milagro. 

-  Region B most extended. 

-  Region C,confirms  ARGO-YBJ 
observations. 

Equatorial 
 coordinates 
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Cosmic Ray Anisotropy 

l  Region A has a spectrum harder than the 
cosmic-ray background. 

Energy  
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Other topics 

l  Diffuse emission. 
l  Dark matter searches. 
l  Extragalactic background light. 
l  Solar physics. 
l  Horizontal muons studies. 
l  Etc… 
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The Future of HAWC 
Near future: 

l  HAWC will add more detectors to enhance the 
sensitivity above 10 TeV. 

l  Outriggers will help to accurately determine core 
position for showers off the main tank array. 

l  Increase effective area above 10 TeV by 3-4x 

l  Plans for ~300 tanks of 2500 liter tanks  
(1/80 HAWC tank). 

l  Funded by LANL, Mexico, MPIK. Firsts tests ongoing. 

 

Future: 

l  HAWC South: Southern complement for CTA. 

l  Needs to be better: higher altitude, larger area, 
improved hadronic rejection, improved shower 
sensitivity.  
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Summary 
Detector:  

-  HAWC is a second generation of EAS which started full operations in March 
2015. 

-  HAWC is about 1 order of magnitude more sensitive than the predecessors 
EAS . It surveys more than half of the sky every day.  

-  Expected to run at least for 5yr, reaching 20mCrab sensitivity. 

First Results:  

-  Galactic Plane survey (new sources). 

-  Flaring blazars observations. 

-  Geminga detection, etc. 

Status: 

-  More than one year of data. 

-  First catalog, papers on the pipeline. 

-  First public transient alert. 

Future: 

-  Outriggers, HAWC South. 



20-May-2016 Sabrina Casanova 38 

Thanks for your attention! 
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Back-up slides 
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γ/h separation 
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HAWC Performance 

Overall x15 Milagro sensitivity 

Much Better Low Energy Response 

Much Better Background Rejection 

Better Energy Resolution 

Much Better Angular Resolution 
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HAWC Inauguration 

Detectors: 300 WCDs (4 PMTs each) 
Field of view: 2sr instantaneous, 8sr daily 
Average AR: 0.5 deg (68% containment) 
E range: 100 GeV - 100 TeV sensitivity 

Begging of full operations: Mar 20th 2015 
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Crab gamma-ray candidate 

l  Event reconstructed within 0.4° of the Crab Nebula. 
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Data Selection 
l  Divide the data in 9 analysis bins  

(nHit bins) based on the % of PMTs 
triggered in an event. 

l  First bin is defined for a given passing 
rate (5 kHz for HAWC250).  

l  The following bins are defined to 
decrease the rate by a factor 2. 

l  Apply G/H cuts, optimized on data to 
maximize the Crab significance: 

HAWC250 

Current HAWC G/H separation: 
A. Smith (#397) poster 1 GA, July 30th 

3.30pm 

BIN 1: 7-10%, ~0.6 TeV BIN 9: 84-100%, ~25 TeV 
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Data Selection 

l  For the Crab Nebula analysis we use 
circular angular bins (a.k.a. top-hat). 

l  We estimate the background using the 
direct integration technique: 

 

l  The signal is defined as the excess 
over the background. 

l  Almost 10:1 (signal:back) in bin 9. 

Astrophys. J. 595 (2003) 803-811 

HAWC250 
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CTA-HAWC sensitivity 
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GRB 130427A limits  
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HAWC DM limits 
Dark matter: Annihilation/Decay. Sensitive to “dark” Dwarf Galaxies. 

HAWC-111 
Dwarf Galaxy Dark Matter 
Annihilation Upper Limits 𝛘 

𝛘 
ɣ 
ɣ 
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From Milagro to HAWC 
•  Higher altitude: 2630 m a.s.l. -> 4100 m a.s.l.  
•  Closer to the shower maximum. 

HAWC	  
Milagro	  

Sea	  level	  
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From Milagro to HAWC 
•  Bigger detector: 4000 m2 -> 22000 m2. 

HAWC	  Milagro	  

~60 m x 80 m ~150 m x 150 m 
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From Milagro to HAWC 
•  Improve optical separation:  

one big pond -> individual water Cherenkov detectors (a.k.a. tanks) 
•  Taking data even during construction. 

	   HAWC	  Milagro	  
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Crab Nebula 

10% Crab Nebula 

Fermi – 5 Years 

HESS 3 Hr/ 50 Hr 

HAWC-250 
1 yr Sensitivity 

E2�⌫(E) =
4⇡

Ns
1.5⇥ 10�11

✓
E

100 TeV

◆�0.3

TeV/cm2 s �⌫(E)|Ns=100

Gamma-Ray Flux Less Than Neutrino Flux 

Steady Neutrino Flux assuming it is evenly  
divided among Ns sources (IceCube, PRL 2014): 

Detectable in HAWC in a year. 
    If photons are not attenuated (i.e. nearby). 
    Limits on every IceCube event in our FOV.      

HAWC limits are relevant and constraining… 
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Gamma/Hadron Separation

32
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Pr
ot

on
s

30 GeV 70 GeV 230 GeV

20 GeV 70 GeV 270 GeV
Size of HAWC

Size of Milagro 
deep layer

Energy Distribution at ground level

Rejection factor ~ e-<µ>
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Milagro/Fermi/HAWC Comparison

38

•HAWC is ~15x more sensitive (sig/�bg) than Milagro  
•HAWC sees the Crab at ~6� in a day - Milagro took 6 months to see 6� 

•Taking into account the Fermi exposure and signal vs Milagro 
we find that for galactic sources Fermi is ~15x more sensitive 
than Milagro.  
•HAWC at TeV has approximately the same sensitivity as 
Fermi has at GeV for galactic sources.
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Detection Technique of the EAS 
Arrays 

•  In HAWC the particle detectors are tanks full of water. Particles from the shower pass through 
the water and induce Cherenkov light detected by PMTs. 

•  Gamma/hadron can be discriminated based on the event footprint on the detector. Although is 
one of the challenges of this kind of detectors. 
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HAWC Water Cherenkov Detector 
l  The WCDs are filled with 200,000 l of purified water. The particles from the shower 

induce Cherenkov light in water, detected by the 4 PMTs. 

Steel frame 
construction 

Water trucks 
filling the tanks 

Large plastic 
bag container 

8-inch  
10-inch  
PMTs 
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Active Galaxy Markarian 421 flare 
early HAWC data 
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HAWC Gamma-Ray Sky 
HAWC 0.1—100 TeV, 1 year 
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HAWC and Neutrino Telescopes 
Multi-Messenger Complementarity 

 
 
 
 
 
 
 
HAWC’s Strengths for IceCube Followup 
•  Wide FOV: Search for cascade coincidences. 
•  Continuous observation. 
•  Can search archival data. 
•  HAWC Sensitive up to 100 TeV 

Neutrino / Photon Connection: Pions 

IceCube Collab. Science, 2013; PRL, 2014; Phy.s Rev. D, 2015 

dN⌫

dE
⇠ dN�

dE

⇡0 ! ��
⇡± ! µ ⌫µ ! ⌫µ ⌫µ ⌫e
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Gamma-Ray Burst 
l  Currently 2 search methods: 

-  Follow-up on alerts from satellites (mostly Fermi-GBM). 

-  Online search for GRBs. The plan is to deliver transient alerts in near-real 
time. 

l  Tested 18 GRBs from Swift. No detection yet. 

l  Expect 1-2 GRBs per year in HAWC (extrapolating from Fermi) NIMA 742, 
2014, 276-277. 

~4 sec reconstruction latency 

Null Hypothesis 

Burst Search 
Significances 

Reconstruct and analyze data in real time, 
within a few seconds of trigger. ~200 cores. 


